Abstract Biodiversity is defined by the scales at which organisms coexist. Coexistence at larger spatial scales may be underpinned by segregation at smaller spatial scales or temporal variability in behaviour and/ or distribution. Limpets of the genus Patella are keystone grazers controlling the growth of macroalgae on many rocky shores. This study examined the distribution and abundance of P. vulgata and P. ulyssiponensis in relation to habitat and to each other at a range of spatial scales. Limpets were sampled on four shores on each of the east and west coasts of Ireland, in two different transects (10 m apart) at each of three shore heights in winter 2003 and summer 2004. P. vulgata and P. ulyssiponensis coexist around the coast of Ireland, but on shores where they co-occur, the pattern of coexistence begins to break down at the level of shore height: P. ulyssiponensis were more abundant on the low-shore than mid-shore, and P. vulgata were distributed evenly throughout the low and the midshore. At the level of habitat (pools vs. open rock), the two species exhibited a high degree of segregation: P. vulgata of all sizes were more common on open rock and P. ulyssiponensis of all sizes were more common in pools. The presence or absence of P. ulyssiponensis had no effect on the distribution of juvenile P. vulgata with respect to pools. Unexpectedly, however, a greater proportion of adult P. vulgata were found in pools at sites where P. ulyssiponensis were present in the pools than at sites where they were absent. The results of this study emphasize the need for multiple-scale analyses of the distribution and abundance of organisms to understand the organisation of natural assemblages.
Introduction
Biodiversity must be underpinned by coexistence. Coexistence cannot be defined without reference to spatial and temporal scales: organisms that coexist at larger spatial scales (e.g. regions, locations), may be able to do so because they are segregated at smaller scales (e.g. over distances of a few metres or centimetres) or by temporal mismatches in key life history events. Ecologists have long known that environmental heterogeneity can alter species distributions (Menconi et al., 1999; Lobo et al., 2001) leading to spatial segregation (Branch, 1981) , which can promote species coexistence and overall biodiversity (Hutchinson, 1959; Stoll & Prati, 2001) . One of the most common sources of variation attributed to the spatial arrangement of animals is their association with particular features of habitat (Chapman, 1994; Crowe & Underwood, 1998) . The mechanisms behind differential habitat use are not fully understood, but competition is often proposed as the driving force (Holbrook & Schmitt, 1992) . In addition to differential habitat use by different species, differences within species may also be apparent, for example, juveniles occupying different habitats to adult conspecifics (Ward, 1992; Nykanen & Huusko, 2003) . Such differences may be a key to coexistence, but their characterisation requires extensive sampling at a range of spatial and temporal scales. An understanding of the scale at which general patterns and processes occur in ecology enables us to generate predictive models of how these patterns and processes might change in the future (Menconi et al., 1999; Benedetti-Cecchi, 2001 ).
Limpets on rocky shores provide a good model system to test hypotheses about differential habitat use in relation to size and species. The patterns of distribution of limpets can have major implications for community structure on rocky shores (Hawkins et al., 1992) and experiments have repeatedly demonstrated that their grazing activity determines the growth of macroalgae at mid-tidal levels (Moore et al., 2007) . Many limpet species also exhibit size gradients in relation to shore height (Vermeij, 1972) , with evidence of differential habitat use between adults and juveniles (Branch, 1975; McGrath, 1992) .
In Ireland, two large species of patellid limpet coexist on rocky shores: Patella vulgata (L.) and P. ulyssiponensis (Gmelin). It is known that juveniles of both species recruit into pools (Bowman & Lewis, 1977) . In a study on Clare Island off the west coast of Ireland, Delany et al. (1998) found that as adults P. ulyssiponensis were more common in pools and P. vulgata were more common on open rock. These patterns have not been examined quantitatively, at a range of spatial scales, however. Their generality is therefore unknown and potential exists for large-scale or local variation with potentially important consequences for biodiversity on rocky shores.
This article reports the first broad-scale quantitative survey of the distribution patterns of these two species either in Ireland or throughout their overlapping range. We aimed to characterise the patterns of distribution and abundance of both juvenile and adult P. vulgata and P. ulyssiponensis in two habitats, (open rock and rock pools) at a range of spatial scales and at two different times. Specific hypotheses were: (1) adult P. vulgata would always be more abundant on open rock and juveniles would be more abundant in pools in the mid-shore, (2) P. ulyssiponensis of all sizes would be more abundant in pools than on open rock, (3) P. ulyssiponensis would be more abundant in the low-shore than the mid-shore and (4) Patterns of distribution of each species with respect to habitat would vary depending on the presence or absence of the other species at a given site.
Materials and methods

Study sites
Four sites on each of the east and west coasts of Ireland were sampled. All sites had a mixture of rock pools and emergent rock and exposures ranged from moderately exposed to exposed. On the west coast, the sites were located at Muighinis Island (53°17. 0 N, 06°21.1 0 W). All sites were characterised by an abundance of emergent rock interspersed with many shallow rock pools of *8-12 cm depth. Tidal ranges varied from *3.5-5 m on the west coast to 2-4 m on the east coast.
Sampling method
Shores were sampled between October 2003 and February 2004 (winter 2003 ) and in July 2004 (summer 2004 and samples were collected in a single day at each site, carried out at low water spring tides. At each site, two transects (5 m wide) were sampled, running from high shore to low-shore, *10 m apart. Within each transect, a 5 9 5 m area was selected at each shore height (low, mid and upper) with sufficient abundance of the two habitats: open rock and pools. Using random number tables, at each shore height, four quadrats (25 9 25 cm) were randomly placed within each habitat; open rock and pool and all limpets present were collected. The limpets were identified, measured using a digital callipers and divided into two categories according to size (juvenile: 5-15 mm; adult: [15 mm) based on Fretter & Graham (1976) and Delany et al. (2002) .
Statistical analyses
Analysis of variance (ANOVA) was used to test hypotheses about the distributions of P. vulgata and P. ulyssiponensis in relation to habitat at a range of spatial scales and at different times. Eight separate, five-factor analyses were performed: one for each size class (juvenile and adult) of each species (P. vulgata and P. ulyssiponensis) in each time (winter 2003 and summer 2004) , using the factors: coast (2 levels, fixed, orthogonal), site (4 levels, random, nested), transect (2 levels, random, nested), shore height (3 levels, fixed, orthogonal) and habitat (2 levels, fixed, orthogonal). GMAV Ò version 5 for Windows was used for computations (Underwood & Chapman, 1998 ). Cochran's test was used to test for heterogeneity of variances and Student-Newman-Keuls (SNK) procedure was used to make post hoc comparisons among levels of significant terms. In cases where variances were heterogeneous, data were transformed using ln(x + 1). We compared the abundances of P. vulgata in the each habitat (open rock and pool) on shores where P. ulyssiponensis were present and on shores where P. ulyssiponensis were absent. This was done using chi-squared contingency tables (2 9 2) for each of juveniles and adults in the low and the mid-shores in winter 2003 and summer 2004. We did not make the equivalent comparison for P. ulyssiponensis because they were always found in pools and our survey did not include any shores on which P. vulgata were absent.
Results
A total of 6,384 limpets were collected, identified, measured and replaced. Of this total, 2,405 were P. ulyssiponensis (944 juveniles and 1461 adults) and 3,979 were P. vulgata (1,967 juveniles and 2,012 adults). Abundances varied considerably among habitats, spatial scales and sampling times, although sampling times were not formally compared and are treated separately here. Few individuals were found in the upper shore of any of the sites, and for this reason, upper shore data are not displayed in graphs. Although abundances between transects did vary somewhat, the overall pattern was the same throughout and for display purposes, data for transects are combined in all figures.
P. vulgata
The distribution of juvenile P. vulgata in relation to habitat varied dramatically between shore height and site. On the low shore, of the 29 transects in which juvenile P. vulgata occurred, 72% were more abundant on open rock; none were more abundant in pools and the rest (18%) had no significant difference between the two habitats ( Fig. 1, Table 1a , SNK tests). On the mid shore, in the 26 transects in which juvenile P. vulgata occurred, they were more abundant on open rock in 41% of them, more abundant in pools in 15% of them and not significantly different between the two habitats in the remainder (Fig. 1, Table 1a ).
The distribution of adult P. vulgata was much less varied than that of juveniles. On the low-shore, a very clear pattern was evident despite being significant in only 53% of transects: adult P. vulgata were more abundant on open rock than in pools in all transects, except one at Clogherhead (Fig. 1, Table 1b , SNK tests). In the mid-shore, adult P. vulgata were more abundant on open rock than in pools in all transects at all shores except for one at Kilkee (Table 1b , SNK tests, ns) and three at Clogherhead (Fig. 1, Table 1b , SNK tests, P \ 0.01).
The abundances of P. vulgata on the west and east coasts were not different at any time. On the east coast, abundances of P. vulgata on the shore at Clogherhead (Fig. 1, Table 1b , SNK tests) were different in comparison to all other shores: juveniles on the mid-shore more common in pools (except in one transect), and adults more common in pools with the exception of two transects (SNK tests). The vertical distribution of juvenile and adult P. vulgata differed between shores, but patterns were consistent between winter 2003 and summer 2004. There were consistently more juvenile P. vulgata on open rock on the lower shore than on open rock on the mid-shore at all sites except Rush (Fig. 1, Table 1a , SNK tests). In pools, the pattern was unclear with no significant differences between shore heights at any site except Clogherhead (Fig. 1 , Table 1a , SNK tests), where there were more juvenile P. vulgata on the mid-shore than the low-shore. No juvenile P. vulgata were found on the upper shore at any of the sites.
The presence or absence of P. ulyssiponensis had no effect on the distribution of juvenile P. vulgata with respect to pools. A greater proportion of adult P. vulgata were found in pools at sites where P. ulyssiponensis were present in the pools than at sites where they were absent (Table 2) .
P. ulyssiponensis
No P. ulyssiponensis were found on the upper shore at any site in either sampling period. In addition, P. ulyssiponensis were also absent from Skerries and Rush in both sampling periods and at Clogherhead in summer 2004. In general, juvenile P. ulyssiponensis were more abundant in pools than on open rock on both low and mid-shores at all sites except Clogherhead (Fig. 2, Table 3a , SNK tests). At Clogherhead, juvenile P. ulyssiponensis were only found in one quadrat (four individuals); and these were in a pool on the mid-shore. In pools, juvenile P. ulyssiponensis were more abundant on the low-shore than the midshore at all sites (Fig. 2, Table 3a , SNK tests).
Discussion
Coexistence at larger spatial scales may be underpinned by segregation at smaller spatial scales or Results from the present study revealed that small-scale segregation in the distribution of limpets in Ireland facilitates coexistence at larger spatial scales. P. vulgata occurred in pools at the majority of sites sampled, but in very small numbers. On the low-shore, juveniles were more common on open rock than in pools at all sites except Rush and Clogherhead, both on the east coast. It is known that juvenile P. vulgata require a damp place to settle (Bowman & Lewis, 1977) , which could be provided by rock pools, crevices, amongst mussels or lower Data are ln(x + 1) transformed. * P \ 0.05; ** P \ 0.01; *** P \ 0.001 Included are the proportions of P. vulgata found within the pool habitat in the presence and absence of P. ulyssiponensis, statistic and significance (ns = not significant, ** P \ 0.01)
Hydrobiologia (2008) 614:233-241 237 down on the shore, which is characterised by shorter emersion period. In general, in the mid-shore juvenile P. vulgata were more commonly found on open rock than in pools. The smallest individuals found at any site in this survey were 5 mm in length. The absence of individuals \5 mm suggests that either; young P. vulgata in the mid-shore have moved out onto open rock to avoid competition with P. ulyssiponensis (Thompson, 1980) or, to exploit a more abundant food supply (Bowman, 1981) . Although an increased abundance of P. vulgata within pool habitats than rock habitats were not continually apparent, it was clear that a greater proportion of juveniles were occupying pools on the mid-shore (15%) than on the low-shore (0%). As shore height increases, so too do temperature, insolation and desiccation stress and juvenile animals are more susceptible to desiccation stress than adults (Branch, 1975; Newell, 1979 , Montalto & Ezcurra de Drago, 2003 . Therefore, on the mid-shore, the pool habitat offers a much more tolerable environment than the open rock for juveniles. Pools have been shown to have a positive effect on juvenile limpets by providing a refuge from desiccation at higher shore elevations, facilitating the advancement of a species up a shore (Menconi et al., 1999) .
Adult P. vulgata were consistently found more commonly on open rock than in pools on both the low and the mid-shore. Exceptions were found at Clogherhead on the east coast. At Clogherhead, a highly varied pattern emerged for both juvenile and adult P. vulgata, making it difficult to distinguish any general trends. Clogherhead differs from the other sites in that its rocks are more steeply inclined and it appears to be impacted by pollution (L. Firth pers. obs.). Either of the factors could cause variation in the behaviour of P. vulgata, but experimental research would be required to test their importance.
In contrast to juvenile forms, adult P. vulgata is tolerant of desiccation stress (Davies, 1969) and capable of losing up to 60% of its water (Fretter & (Davies, 1967; Williams & Morritt, 1995) . Thompson (1980) reported that the growth rate and maximum length of P. vulgata were highest on bare rock and lowest among closely packed barnacles. Adult P. vulgata may occupy the open rock habitat to maximise their growth rates and achieve greater length. (Branch, 1975) found that Patella granularis never occupies pools; behaviour he suggested to be important to the upward migration of the species. Perhaps P. vulgata has adopted a similar behavioural trait, enabling it to colonise the upper reaches of the shore therefore minimising both intra-and inter-specific competition lower down the shore. In contrast to P. vulgata, the distribution of P. ulyssiponensis is thought to be limited by its susceptibility to desiccation and its lack of metabolic flexibility (Davies, 1969; Thompson, 1979) . Its distribution on Irish shores in relation to habitat and shore height is consistent with their assertion. Our results revealed a consistent association of both juvenile and adult P. ulyssiponensis with pools on the low and the mid-shores and their absence from the upper shore. In common with juvenile P. vulgata, pools in the mid-shore facilitate the up-shore extension of the vertical distribution of P. ulyssiponensis (Menconi et al., 1999) .
Along with its association with wet habitats, P. ulyssiponensis is commonly associated with crustose coralline algae (CCA), (Kooistra et al., 1989; Delany et al., 2002 ). It appears that P. ulyssiponensis settles into a narrow zone on the shore and has specific food requirements; features it shares with the ''nonmigratory'' group described by Branch (1975) , and characterised by home-scars and a strong homing response. By contrast, P. vulgata shares attributes of the ''migratory'' group, being a generalised browser and having a random to aggregated distribution. Their home scars are often poorly defined or temporary, and homing is variable, being most strongly developed in dry habitats. Upper limits are set by desiccation and there is no marked adult-juvenile differentiation in habitat or food. The ''migratory'' group in South Africa also exhibit an increase in size in an up shore direction, similar to that seen in P. vulgata (Blackmore, 1969) and have been likened to P. vulgata and P. ulyssiponensis (Thompson, 1980) . Juvenile P. vulgata were uniformly distributed across habitats on all shores irrespective of the presence or absence of P. ulyssiponensis. Unexpectedly, however, adult P. vulgata exhibited more differential distribution patterns, with a greater proportion being found in pools at sites where P. ulyssiponensis were present in the pools than at sites where they were absent. Two such similar species might generally be expected to compete for resources and therefore avoid each other at small spatial scales. In this case, however, despite a general pattern of segregation with respect to habitat, here is evidence of aggregation by the two species. Aggregation behaviour is commonly seen in limpets and can often be an effective mechanism in predator avoidance (Coleman et al., 2004) . P. vulgata may seek refuge in the pool habitat when P. ulyssiponensis are present, but avoid pools when P. ulyssiponensis are absent. The presence of P. ulyssiponensis could also have an indirect positive impact on P. vulgata, perhaps by altering the structure and composition of the biofilm within the pool habitat. Limpet mucus trails are often laid down to enhance food resources by promoting the settlement of microalgae (Connor & Quinn, 1984) . Pools containing P. ulyssiponensis may have a greater cover of biofilm of limpet mucus trails, thus providing more food resources for P. vulgata. Another possible explanation is that there is some feature of the pools on shores from which P. ulyssiponensis were absent, that both species react negatively to. Experimental research would be required to distinguish among these possible mechanisms.
Conclusions
Densities and size-structure of populations of both P. vulgata and P. ulyssiponensis varied greatly at all scales sampled, (i.e. habitat, transect, shore height, site and coast). Previous studies on the distribution of these species have been done at a local scale (Thompson, 1980; Healy & McGrath, 1998) . Benedetti-Cecchi (2001) suggested that any investigation of the distribution of populations and assemblages should involve hierarchical analysis of spatial variation to fully represent the complexity of natural systems. The present study found that P. vulgata and P. ulyssiponensis coexist at the large-scale level of sites around Ireland, this pattern begins to break down at the medium-scale of shore-height. The two are largely segregated at the small-scale level of habitat (pools vs. open rock), but we found an unexpected tendency for P. vulgata to aggregate to a greater extent in pools in which P. ulyssiponensis were present than in those from which they were absent. These findings illustrate the complexity of patterns of coexistence of closely related species. The challenge now is to characterise the processes driving these patterns (Underwood & Petraitis, 1993; Crowe, 1996; Benedetti-Cecchi, 2001 ) and to use this knowledge as a basis to predict future changes in the patterns (Menconi et al., 1999; Benedetti-Cecchi, 2001 ) and consequences for the system as a whole.
